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Mollicutes, including Mycoplasma, Spiroplasma, and Achoreplasma, are parasitic or 
commensal bacteria featuring reduced genome sizes (560 to 2300 kbp) (Fig. G1) (2, 42).  
Phylogenetically, Mollicutes belong to the high-AT branch of gram-positive bacteria, 
which also include Clostridium and Bacillus (60).  Unlike the cells of other bacterial 
groups, mollicute cells lack a peptidoglycan layer and are covered with 
membrane-anchored proteins, including surface proteins responsible for antigenic 
variation (42).  The firstly isolated mycoplasma in culture was Mycoplasma mycoides 
subsp. mycoides, the bovine pleuropneumonia agent  which was isolated initially in 
1898. Since then, about 200 species of mycoplasmas have been discovered from 
vertebrates including human, arthropods, and plants. These species are classified 
phylogenetically into four subgroups, hominis, pneumoniae, spiroplasma, and 
phytoplasma, on the basis of their rRNA and genome sequences.  Several Mycoplasma 
species form membrane protrusion and exhibit gliding motility in one direction on solid 
surface.  This motility is believed to be involved in the pathogenicity of Mycoplasmas 
(3, 16, 25, 26).  Interestingly, Mycoplasmas have no flagella or pili, and their genomes 
contain no genes related to known bacterial motility.  In addition, no homologs of 
conventional motor proteins that have been found in eukaryotic (13, 25, 26).  This 
means that the mechanism of their gliding is unknown. 
 
Gliding motility of mycoplasma 
Mycoplasma species can glide on various solid surfaces such as glass, plastic, and 
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animal cells.  When a Mycoplasma strain loses cytadherence, it is easily removed from 
the tissue of the host animal.  Several mycoplasma species including Mycoplasma 
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pneumoniae, M. gallicepticum, M. genitalium and M. mobile exhibit gliding motility.  
These species belong to two phylogenetic groups, i.e., the hominis subgroup represented 
by M. mobile and the pneumoniae subgroup, both of which are distantly positioned 
phylogenetically (11, 16, 58, 60).   
The surface motility of bacteria, excluding Mycoplasmas, is classified into different 
types.  Flagellar swimming motility generates motion by the rotation of flagellar 
filaments and is highly suitable for aqueous environments (14, 32, 46) (Fig. G2).  
However, in viscous environments or on solid surfaces with limited water content, 
flagella-based motility may not function efficiently.  To move in these environments, 
bacteria such as the spirochetes have sequestered their flagella within the periplasmic 
space; when the flagella rotate, the spiral-shaped cell bodies rotate and can corkscrew 
their way through viscous fluids.  In contrast, many bacterial species, when placed in a 
viscous medium, amplify the number of flagella on the cell surface; these 
hyperflagellated swarmer cells can then swarm efficiently over surfaces.  However, 
some bacterial species have evolved alternative motility mechanisms that allow cells to 
move on solid surfaces without the aid of flagella; these motility systems are 
collectively termed "gliding motility" (Fig. G2). 
 
Gliding of Mycoplasma mobile 
Mycoplasma mobile is one of the flask-shaped mycoplasmas (∼1 μm × 0.3 μm) and was 
originally isolated from the gills of a freshwater fish in the early 1980s.  M. mobile has 
remarkable gliding properties that all cells in the culture of this species show active 
gliding without any resting periods, as long as they are alive. This is advantageous to 
the study of its mechanism.  It belongs to the Mycoplasma hominis group of the 
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mycoplasma phylogeny, which also includes two other sequenced species (Mycoplasma 
pulmonis, and Mycoplasma hyopneumoniae).  It is believed to be pathogenic and 
grows optimally at around 25°C, somewhat lower than most other well-studied 
mycoplasmas, whose optima are around 37°C, yet its doubling time (∼10 h) is within 
the range of mycoplasmas with mammalian hosts.  M. mobile, is the fastest 
mycoplasma species with an average speed of 2.0 to 4.5 μm per second, or 3 to 7 times 
the length of the cell per second (Fig. G3) (43).  Our lab has been studying this gliding 
mechanism since 1997 as a pioneer.   
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The proteins involved in the gliding mechanism have been identified, what are 
coded in tandem on the genome (23, 40, 44, 54).  Three proteins are predicted to have 
large molecular masses, 123 kDa, 349 kDa, and 521 kDa, and are named Gli123, Gli349, 
and Gli521, respectively.  However, all three proteins show sequence similarity to 
orthologs of a closely related species, M. pulmonis (4).  Gli123, Gli349, and Gli521 
proteins localize at the neck at a density of approximately 450 molecules per cell (23, 44, 
54, 56).  Each of the proteins was assigned a particular role in gliding by analysis of 
antibodies against these proteins, gliding mutants, and recombinant proteins.  The role 
of Gli123, Gli349 and Gli521 were assigned as "mount" ( the positioning of the other 
gliding proteins), "leg" (the binding to glass surface during gliding) and "crank" (the 
generating transmitting force), respectively (Fig. G4). 
The binding target of Mycoplasmas is sialylated oligosaccharides (SOs) fixed on 
solid surface.  SO is a sugar chain including a sialic acid.  As Gli349 is responsible 
for the binding of M. mobile (54), this protein has been predicted to have binding 
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activity to sialyllactose.  The amino acid sequence of Gli349 shows no similarity to 
any known sialic acid-binding proteins, suggesting that Gli349 is a novel type of sialic 
acid binding protein.   
Rapid freeze and freeze fracture rotary shadowing electron microscopy (EM) 
revealed that many filamentous structures, leg, about 50 nm in length stick out around 
the neck and bind to the glass surface with their distal ends (28).  Analyses of a Triton 
model, designated the "ghost", where the cell membrane is permeabilized and 
intracellular reactions can be manipulated externally have demonstrated that the gliding 
mechanism is driven by the energy of ATP (55).  These observations led to assume that 
the cells are propelled by legs composed of Gli349 that repeatedly bind to and release 
from the glass, driven by the force exerted from or through the Gli521 molecule, based 
on the ATP hydrolysis (5, 25-27, 55). 
 
Gliding of Mycoplasma pneumoniae 
The study of M. pneumoniae began in the early 1960s, 20 years before the isolation of 
M. mobile (3, 16).  An organized structure related to the gliding machinery is easily 
observed in M. pneumoniae.  Furthermore, unlike M. mobile, restricted genetic 
analyses have been possible based on the genome information, which has been available 
since 1996 (4, 6).  However, poor gliding activity has hampered analyses focusing on 
the gliding mechanisms of M. pneumoniae.  M. pneumoniae, similar to M. mobile, 
forms a membrane protrusion at a cell pole, which is known as 'attachment organelle' or 
'tip structure'.  Recently, several EM studies including electron cryotomography (18, 
20, 47, 48), have made progress in determining the structure of the attachment organelle. 
It is thought to be composed of five parts: (i) the surface structure (nap); (ii)segmented 
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paired plates; (iii) the distal end of the 
electron-dense core (terminal button); 
(iv) the proximal end of the 
electron-dense core (wheel or bowl); 
and (v) the translucent area (Fig. G5).  
To date, 11 proteins involved in gliding 
and binding have been localized to this 
organelle, by fluorescence microscopy 
coupled with one or a combination of 
immunostaining and green fluorescent 




Sialic acid is a generic term to indicate a 
wide family of related nine-carbon sugar 
acids that feature prominently at 
terminal positions of many eukaryotic 
surface-exposed glycoconjugates.  
N-acetylneuraminic acid (Neu5Ac), 
N-glycolylneuraminic acid (Neu5Gc) 
and 2-keto-3deoxynonic acid (KDN) are 
the most common members of this 
group (Fig. G6).  Sialic acids have the 
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roles in diverse cellular processes such as intercellular adhesion and cell signaling and 
play a pivotal role in receptors for viruses, peptide hormones and toxins (19, 49, 57).  
A sperm has the sialic acid binding protein to recognize the sugar chain localized on egg 
surface.  Siglecs, known as the sialic acid binding protein interfere with cellular 
signalling, inhibiting immune cell activation.  Influenza virus need sialic acids to 
interact with animal cells. The structure of sialic acid is essential to determine the 
specific infection of influenza virus.  Bacteria express sialic acids on their cell wall and 
escape from the immune system of patients.  When Mycoplasmas glide on solid 
surface, they bind the SO.  However, the previous studies have not clarified the 
recognition or the role of SO in Mycoplasma gliding.   
In this thesis, I will discuss the mechanism of Mycoplasma gliding based on the 
experimental results regarding the effects on binding and gliding of free uniform SOs 





Catch of sialylated oligosaccharide by Mycoplasma mobile and 
Mycoplasma pneumoniae in gliding motility 
ABSTRACT 
Mycoplasmas, known as the pathogen of human pneumonia epidemic in recent years, 
bind to solid surfaces and glide in the direction of the membrane protrusion at a pole.  
In gliding, mycoplasma legs catch, pull and release SOs fixed on a solid surface.  SOs 
are the major structure on animal cell surface and sometimes the target of pathogenic 
factors, such as influenza virus.  Mycoplasma cells can bind to the glass coated by SO 
derived from horse serum, and glide.  In the present study, I analyzed the inhibitory 
effects of 16 chemically synthesized sialylated compounds on gliding and binding of 
Mycoplasma mobile and Mycoplasma pneumoniae, and then concluded follows.  (i) 
The recognition of SO by mycoplasma leg is the relation of “lock and key”, because the 
binding affinity depended on the structural differences among SOs examined.  (ii) The 
binding of leg and SO is cooperative, with Hill constants ranging 3 to 4.  (iii) 
Mycoplasma legs may generate drag force after stroke, because the gliding speed 
decreased and pivoting motion was activated when the number of working legs was 
reduced by the addition of free sialylated compound.   
 
INTRODUCTION 
The gliding motility of mycoplasmas can be easily observed on glass surfaces, 
although mycoplasmas live in animal tissues in nature, suggesting that their intrinsic 
binding target is a surface structure of animal cells or the extracellular matrix.  In a 
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previous study, the binding of M. mobile to solid surface (34), was inhibited showing 
that M. mobile binds to the SO fixed on solid surface in gliding.  However, the study 
did not clarify the structure of SO recognized by M. mobile.  Also, the preview studies 
suggested that the detailed analyses of binding inhibition should give us valuable 
information about the leg behaviors, which is essential to unveil the mechanism of 
mycoplasma gliding (30, 36).  In the present study, I analyzed the inhibitory effects of 
16 sialylated compounds on binding and gliding of M. mobile and M. pneumoniae, and 
suggested the mechanism of recognition and possible leg movements. 
 
MATERIALS AND METHODS 
Cultivation.  M. mobile strain 163K (ATCC 43663) and M. pneumoniae M129 (the 
type strain of group I) were grown as previously described (21, 31). 
Sialylated compounds.  The compounds listed in Fig. I1 (GSC-28, GSC-243, 
GSC-244, GSC-280, GSC-281, GSC-282, GSC-283, GSC285, GSC-301, GSC-306, 
GSC-379, GSC-574, GSC-741, GSC-742, DANA, Neu5Ac) were synthesized 
previously and provided by Prof. Makoto Kiso, Prof. Hideharu Ishida and Prof. 
Hiromune Ando at Gifu university (1, 7, 10, 33, 51, 52).  
Analyzing inhibitory effects of compounds.  To analyze inhibition of binding, 
the cell suspension mixed with sialylated compounds was inserted into a tunnel 
chamber (5 mm interior width, 22 mm length, 86 m wall thickness), which was 
constructed with a coverslip and a glass slide, assembled with double-sided tape, and 
precoated by the growth medium containing horse serum for 60 min.  For observation 




(Minitube, Verona, WI) and a lens heater (MATS-LH, Tokai Hit, Shizuoka), 
respectively.  To analyze the removal of cells by SO, the cell suspension was inserted 
into a tunnel chamber at appropriate temperatures.  After 30 min, a sialylated 
compound was inserted into the chamber with continuous video recording (37, 38).  
Mycoplasmas were observed, and analyzed as previously reported (34, 37, 38).   
 
RESULTS 
Time course of mycoplasma binding to glass surface.  M. mobile cells suspended in 
buffer were inserted into a tunnel chamber precoated by the growth medium, and 
observed for binding to glass at room temperature by phase-contrast microscopy (Fig. 
I2A).  M. mobile started to bind to the glass surface from time zero, and the number of 
bound cell on the glass saturated around 30 min, with about 130 cells bound to glass 
area 64.0 m wide and 85.3 m long (Fig. I2B).  More than 98% of cells bound to 
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glass were gliding.  
M. pneumoniae cells suspended in buffer were inserted into a tunnel chamber, and 
observed at 37 °C.  M. pneumoniae started to bind to the glass surface from time zero, 
and the number of gliding cell on the glass saturated around 60 min.  About 180 cells 
were observed to bind to a glass area 64.0 m wide and 85.3 m long of which one 
third were gliding and two third were not.   
In the following experiments, the bound cell numbers were counted at 30 and 60 
min after insertion for M. mobile and M. pneumoniae, respectively. 
Inhibition of mycoplasma binding by free sialylated compounds.  The binding 
of mycoplasma to glass was inhibited by the presence of free SO consistent with the 
previous study (34) (Fig. I2B).  Then, I examined the inhibitory effects of chemically 
synthesized 16 SOs.  The cell suspension was mixed with various concentrations of 
free sialylated compounds, and inserted into the tunnel chamber.  I counted the number 
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of gliding cells as bound cells, because binding of non-gliding cells was not affected by 
the addition of free SO, probably because P1 adhesin does not displace in that state.  
Nine in 16 sialylated compounds had the inhibitory effect on mycoplasma binding (Fig. 
I3A).  Next, I measured the concentration dependency of inhibitory effect on binding 
for the 9 effective compounds.  The most effective compounds were GSC-28, 
Neu5Ac--2,6-galactose, for M. mobile and GSC-281, Neu5Ac--2,3-lactosamine, for 
M. pneumoniae.  The concentration dependency of inhibitory effect for both 
mycoplasmas showed obvious cooperativity.  The analyses by Hill plot (Fig. I3B) 
showed that all results fitted onto a line in Hill plot, based on the Hill equation.  The 
Hill constants and affinities were calculated from the slope and intercept of plot, 
respectively as summarized in Table 1.  The affinities of most effective compounds, 
GSC-28 and GSC-281 for M. mobile and M. pneumoniae were 4.10×10
-5
 mM and 
8.82×10
-4
 mM, respectively.  Hill constants of 9 compounds ranged 3 to 4 and 1.5 to 
2.5 for M. mobile and M. pneumoniae, respectively.  All of effective compounds were 
featured with N-acetylneuraminic acid at the non-reducing end.  Modifications on side 
chain, number of sugars, sialic acid affected the affinity, as shown by GSC-283, 





Table 1. Affinities and Hill constants 
 























 2.96 0.116 1.23×10
-2
 1.57 0.026 
GSC-280 1.47×10
-4
 3.64 0.06 1.00×10
-3
 2.10 0.052 
GSC-281 1.79×10
-4
 3.77 0.073 8.82×10
-4 b
 1.57 0.069 
GSC-282 1.08×10
-2
 3.20 0.049 1.36×10
-2
 1.75 0.031 
GSC-283 5.10×10
-3
 3.00 0.044 1.23×10
-1
 1.52 0.01 
GSC-285 7.45×10
-3
 3.31 0.042 4.41×10
-1
 1.63 0.005 
GSC-301 1.24×10
-4
 3.60 0.064 8.50×10
-2
 1.80 0.009 
GSC-379 1.20×10
-1
 2.95 0.019 1.02×10
-2
 1.66 0.021 
GSC-742 1.54×10
-3
 3.25 0.071 1.37×10
-3
 2.29 0.039 
a 
Decreasing rate of cell number on glass in removal of gliding mycoplasmas. 
b
 The highest affinities are underlined. 
 
Removal of gliding mycoplasma by free sialylated compounds.  The cell 
suspension was inserted into the tunnel chamber and incubated at room temperature.  
After 30 and 60 min, the SO was added to gliding M. mobile and M. pneumoniae on 
glass, respectively, and the removal of gliding mycoplasmas was observed by phase 
contrast microscopy (Fig. I4A).  The number of M. mobile cells on glass counted every 
0.1 s decreased exponentially with time, following first-order reaction kinetics and the 
rate changed with the concentration of compounds used.  All cells were removed from 
the glass in 5 s after the addition of 0.25 mM GSC-28.  The extent of inhibitory effects 
differed with chemical structures of compounds and the relative efficiency was 
consistent with the affinities decided in Fig. I3 (Table I1).  To analyze the affinity of M. 
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pneumoniae and free SO, twenty gliding cells were selected randomly and traced for 
their movements.  The number of bound cells decreased exponentially, following 
first-order reaction kinetics.  All cells were removed from the glass in 10 s after the 
addition of 0.4 mM GSC-281.  The relative efficiency among the compounds was 
consistent with the results decided in Fig. I3 (Table I1).   
Next, I analyzed the inhibition of M. mobile in detail.  The gliding speeds of cells 
were analyzed after the addition of 0.01 mM GSC-28 and 0.5 mM GSC-379 (Fig. I4B).  
The gliding speed did not change significantly for about 2.0 s and 1.3 s by GSC-28 and 
GSC-379, respectively.  However, the cells slowed down after those time points and 
reached 25.4% and 10.9% of the initial speeds at the time of detach, for GSC-28 and 
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GSC-379, respectively.  The decrease in gliding speed showed accelerating inhibition 
rather than first-order reaction kinetics. 
A previous study showed that M. mobile cells perform pivoting occasionally 
around the gliding machinery localizing at the base of membrane protrusion (38).  In 
the present study, the cell pivoting before the detach was analyzed from the difference 
between the cell axis and preceding gliding direction for 5 s (Fig. I5).  The results 
showed that the cell pivoting was activated extensively from 2 to 3 s before the detach 
for all compounds.  Meanwhile the gliding speed of each cell was much reduced 
ranging 50 and 80% of the initial.  The extents of pivoting or decrease in speed did not 





Structure of SOs recognized by mycoplasmas.  A previous study reported that the 
legs of M. mobile recognize sialyllactose and the affinities are different between 
sialyllactose with 2, 3 and 2, 6 linkages (34).  However, the structure of SO recognized 
by mycoplasmas is still unclear.  As sialic acids are negatively charged, two 
possibilities can be considered for the recognition of SO by mycoplasma legs, i.e. (i) the 
three dimensional structures of sialic acid and neighboring sugar chains, and (ii) the 
negative charge of the carboxyl group in the sialic acid.  In the present study, I showed 
that the affinity between mycoplasmas and the SO is sensitive to the differences in the 
structures of SO (Table I1), and concluded that the recognition of SO by mycoplasmas 
is “lock and key”.   
The most effective compound for M. mobile was Neu5Ac--2,6-galactose, which 
is well known as the target of human influenza virus (59).  In the previous study, the 
affinity of Neu5Ac-α-2,3-lactose to M. mobile was higher than that of 
Neu5Ac-α-2,6-lactose apparently inconsistent with the present observations.  This 
result suggests that the length of sugar chain is important for recognition by M. mobile.  
The most effective compound for M. pneumoniae was Neu5Ac--2,3-lactosamine, 
which is well known as the target of avian influenza virus (8), not the target of human 
influenza virus.  This conclusion is consistent with the observed route of M. 
pneumoniae infection, where M. pneumonia binds to the deep part of human trachea at 
the initial stage of infection because the structure, Neu5Ac--2,3-lactosamine localizes 
in the deep part of trachea (22, 45).   
As mycoplasma genomes do not have any homologs of the chemotactic genes of 
other bacteria, I cannot expect that mycoplasmas respond to chemoattractants like 
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sugars or amino acids (12, 13).  Actually, mycoplasma cells never reverse their moving 
directions under microscopic observation, which is distinct from other motile bacteria 
(27, 41).  The fact that mycoplasmas can detect the small structural difference in the 
SO may suggest that mycoplasmas may move to the proper environments by tracing the 
differences in SOs on the host tissues.   
Cooperative binding of SO.  In the present study, the concentration dependency 
of binding inhibition by the 9 compounds showed cooperativity with Hill constants 
ranging 3 to 4 and 1.5 to 2.5 for M. mobile and M. pneumoniae, respectively (Fig. I2).  
This cooperativity can be explained by two possibilities as follows; (i) three SOs are 
caught at the same time, (ii) the binding of single SO to a leg increases the affinity of 
neighboring legs.  Gliding speed was reduced by the addition of SO with time, and the 
decrease appeared accelerated with time after the decrease became obvious, rather than 
following first-order reaction kinetics (Fig. I4B).  These observations may suggest 
cooperativity in binding between the legs and the free SO.  This “time dependent 
cooperativity” can be explained by the assumption (ii) suggested above.  In the present 
study, I counted the number of detached cells to analyze the effects of free SO.  
However, the cooperativity observed here is unlikely caused by the fact that the detach 
of cells from glass is an integrated result of leg binding, because the time course of 
bound cell number followed first-order reaction kinetics, showing that the detach of 
cells can occur probabilistically on the number of detached legs (Fig. I4A).   
Drag force by leg after stroke.  The maximum force generated by a mycoplasma 
cell has been reported in a previous study to be 27 pN (30), which is about 1800 times 
larger than the force calculated to be necessary for normal speed gliding.  Therefore, 
the decrease in working leg number cannot explain the decrease in gliding speed 
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observed in the present study without additional assumptions.  This apparent 
discrepancy can be explained by an assumption that the working legs generate drag 
force in a stage of cycle for gliding (Fig. I6A).  I have proposed a working model to 
explain the mechanism of M. mobile gliding, where the leg after stroke is removed from 
sialylated compound fixed on a solid surface, by the continuous movements of cell 
caused by other legs (5, 25, 27).  In the presence of a free sialylated compound, the 
decrease in the working legs may cause the shortage of propelling force, and result in 
the decrease in gliding speed.   
Previously, Nakane and Miyata reported that M. mobile cells show pivoting by the 
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propelling force in gliding with up to torque, larger than 54.7 pN·nm (5, 25, 27).  In 
the present study, this pivoting was activated by the addition of SO (Fig. I5).  The 
activation can be also explained by the effect of plausible drag force, as follows (Fig. 
I6B).  Mycoplasma can glide straight when enough propelling force can detach the 
legs after stroke.  However, the shortage of propelling force induces remaining of legs, 





Gliding motility of Mycoplasma mobile on uniform 
oligosaccharides 
ABSTRACT  
Usually, mycoplasmas glide on mixed SOs (SOs) derived from glycoprotein and 
glycolipid.  As gliding motility on uniform oligosaccharides has never been observed, 
it gives critical information about recognition and interaction between receptor and SOs.  
The binding and gliding of M. mobile on a plastic plate covered by 53 uniform 
oligosaccharides were analyzed.  Mycoplasmas bound to and glided on only 21 of the 
fixed SOs, showing that sialic acid is essential as the binding target.  The affinities 
were mostly consistent with our previous results on the inhibitory effects of free SOs, 
and suggested that M. mobile recognizes SOs from the nonreducing end with four 
continuous sites (i) to (iv) as follows: (i, ii) a sialic acid at the nonreducing end is tightly 
recognized by a tandem sites.  (iii) The third site recognizes by a loose pocket which 
may be affected by branches.  (iv) The forth site recognizes by a large pocket which 
may be enhanced by branches especially with negative charge.  The cells glided on 
uniform SOs in manners apparently similar to those of the gliding on mixed SOs.  The 
gliding speed was related inversely to the mycoplasma’s affinity for SO, suggesting that 
the detaching step may be one of the speed determinants.  The cells glided faster and 
with smaller fluctuation on the uniform SOs than on the mixtures, suggesting that the 
drag caused by the variety in SOs influences gliding behaviors.   
 
INTRODUCTION 
To date, mycoplasma gliding has been observed on a mixture of oligosaccharides 
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fixed to a solid surface, because the general sources of sialylated compounds are 
mixtures, such as host tissues, animal cells, sera, and fetuins.  In these cases, 
mycoplasma cells catch, pull, and release these various SOs in different manners.  The 
variety in affinity to scaffold may play critical roles in smooth gliding.  However, I 
have no answer to this proposition, because no solid surface covered by a single SO has 
been available.  Recently, a plastics company developed sugar arrays to search for the 
binding targets of pathogenic factors (39, 50).   
In the present study, I examined the binding and the gliding of M. mobile on plastic 
surfaces covered by uniform oligosaccharides, and concluded that the variation in sugar 
structures causes drag forces, which reduce gliding speed and cell pivoting while 
increasing the degree of fluctuations in gliding speed.  
 
MATERIALS AND METHODS 
Cultivation.  M. mobile strain 163K (ATCC 43663) was grown in Aluotto medium at 
25°C (31).   
Analyses of binding and gliding on uniform oligosaccharides.  Two plastic 
arrays (catalog numbers BS-X1711 and BS-X1714) coated by 53 oligosaccharides in 
total on each spot were purchased from Sumitomo Bakelite Co., Ltd.(Tokyo, Japan).  
The 53 oligosaccharides (M9, NA2, A2, NA2F, NGA2B, NA3, A3, NA4, STn, T, 









3SL, 6SL, 3SLNAc, 6SLNAc, LNT, LNnT, Blood TypeA, Blood TypeB, Blood TypeH, 
GM3, GD3, GT3, GM2, GD2, GT2, GM1a, GM1b, GD1a, GD1b, GT1a, GT1c, GA1, 
Fucosyl GM1, GA2, Gb3, Gb4, Gb5, Globo-H, Globo-A, Globo-B, SSEA-4 tetraose, 





reducing terminus (Fig. II1) (39, 50).  
An array area 13 mm wide and 28 mm long was covered by a coverslip fixed by 
two sets of a double-sided tape strip and a plastic plate to form a tunnel chamber (16 
mm interior width, 50 mm length, 0.2 mm wall thickness).  To analyze the behavior of 
the cells on mixed SOs, tunnel chambers with common dimensions were assembled 
using glass slides.  Various concentrations of serum ranging from 0.25% to 10%, fetuin 
ranging from 0.15 to 1.0 mg/ml, or the mixture of 5% serum and 0.25 µg/ml fetuin in 
PBS were inserted into the chamber, kept for 10 s, and replaced with PBS.  The 
chamber was then rinsed with 2% bovine serum albumin (BSA, A7030, Sigma-Aldrich, 
St. Louis, MO) in PBS to block the non-specific binding and used for observation.  
Cultured M. mobile cells were collected by centrifugation at 12,000 × g for 4 min at 
room temperature (RT) and then were washed and suspended in phosphate-buffered 
saline with glucose (PBS/G) consisting of 75 mM sodium phosphate (pH 7.3), 68 mM 
NaCl, and 10 mM glucose.  The cell suspension was inserted into the tunnel chamber 
and observed under a BX50 microscope (Olympus, Tokyo, Japan) with a 20 × 
phase-contrast objective lens.  The cell behaviors were recorded and analyzed as 
previously reported (15, 35, 37).   
 
RESULTS AND DISCUSSION 
Mycoplasmas on solid surface covered by uniform sugar.  To examine the binding 
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and the movements of mycoplasmas on uniform oligosaccharides, I assembled a tunnel 
on a sugar array (Fig. II1).  Mycoplasma cells suspended in PBS/G were inserted into 
the tunnel chamber, and the array surface was observed by a microscope.  The number 
of bound cells increased with time and became saturated around 30 min as previously 
reported (15), depending on the structure of the oligosaccharide.  More than 90% of 
the cells bound to the surface were gliding (Fig. II2).  The affinities of mycoplasma 





Sugar recognition.  The cells showed binding to 21 oligosaccharides among the 
53 examined structures (Fig. II1).  The affinity for each oligosaccharide presented by 
the number of bound cells per 100 μm2 ranged from 1.74 to 3.59.   
All of the oligosaccharides that showed significant affinities featured Neu5Ac at a 
nonreducing terminal of oligosaccharides, showing that the Neu5Ac is essential for 
binding.  The SOs including two adjacent Neu5Acs from the nonreducing end showed 
higher affinities than those including only one Neu5Ac, as shown by the differences 
between GM2 and GD2, or GM3 and GD3.  However, the third Neu5Ac did not 
increase the affinity, as shown by the differences between GD2 and GT2, or GD3 and 
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GT3.  A branch at the third sugar may decrease the affinity in the SOs including two 
Neu5Acs, as shown by the differences among GD3, GD2, and GD1b.  SLe
x
 containing 
one Neu5Ac had higher affinity than 3SLNAc, a similar SO without branch.  A branch 
at the forth sugar may increase the affinity as shown by the differences among GT1c, 
GT2, and GT3 or GM1b and GD1a.  The difference between GM1b and GD1a was 
more obvious than that between GT2, and GT3.  Then, the highest affinity was 
observed for GT1c.  Although SLe
a
 and 6SLNAc have a Neu5Ac, they did not show 
affinity.  The binding to SLe
a
 may be blocked by steric interference caused by the 
fucose branch.  No affinity to 6SLNAc is not consistent with our previous study (15).  
Possibly, this structure needs changes in its angle to the recognition site which may be 
inhibited by the fixation to the array surface. 
 
These results suggest the recognition mechanism of oligosaccharides by foot, the 
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C-terminal domain of Gli349 protein.  An SO is recognized by four continuous sites 
numbered (i) to (iv) in Fig. II3 with following characters.  (i, ii) Neu5Ac at the 
nonreducing end is recognized by tandem sites tightly.  The deeper site is empty if two 
Neu5Acs are not aligned tandemly.  (iii) In the third site, the sugar is recognized in a 
loose way which may be affected by branches.  (iv) The forth site recognizes the sugar 
by a large pocket which may be enhanced by a branch especially one with negative 
charge.   
Gliding on uniform sugars.  The cells glided on uniform sialylated compounds 
continuously.  I characterized the gliding on uniform oligosaccharides in detail and 
compared it with the gliding on plastic array and glass covered with mixed SOs.  The 
plastic array and glass covered by mixed SOs was prepared by using (i) serum which 
contains various sialylated glycoconjugates (24), (ii) fetuin (9, 53), a serum protein that 
attaches three O-linked oligosaccharide molecules and three N-linked oligosaccharide 
molecules from 23 structures, and (iii) mixture of serum and fetuin (Fig. II4).  The 
cells did not bind to the glass surface at all without the coating by serum, fetuin or their 
mixture under the conditions used here, suggesting that I need not consider the direct 
interaction between the cell and the glass surface.  This assumption is applicable also 
to the interactions between the cells and the plastic surface of the array, because no cells 
bound to areas other than the spots coated by the oligosaccharides either.   
In all conditions used here, the cells glided toward the tapered end with some speed 
fluctuations and some pivoting of the cell axis.  The gliding speed and cell pivoting in 
5 s were calculated for every 0.2 s and plotted.  Next, I analyzed the gliding speed, the 
speed fluctuation, and the cell pivoting over various affinities to the solid surface (Fig. 
II5).  The gliding speed decreased as the affinity increased, suggesting that the 
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detachment process is critical for gliding speed; this is consistent with our previous 
observations (15).  The speeds were extrapolated to 3.2 and 3.4μm/s at 0 affinity for 
uniform and mixed SOs, respectively.  These numbers might represent the speeds that 
could be achieved in the absence of the drag generated between the foot and the SOs.  
The speed fluctuation and the cell pivoting increased as the affinity increased, 
suggesting that these phenomena are also influenced by the drag generated between the 
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foot and the SOs.  Namely, the drag caused by the interactions between the foot and 
the SOs reduces the movement along the cell axis, thus reducing speed; it also reduces 
the movements perpendicular to the cell axis, resulting in the reduction of cell pivoting.  
The cells glided faster, with smaller fluctuations and more pivoting, on the uniform SOs 
than on the mixed SOs (Fig. II6).  These features can be explained on the basis of our 
model of the gliding mechanism (27), if I assume that some fractions in the mixed SOs 
generate additional drag in lateral, although those SOs cannot contribute to the binding 
affinity of the cells to glass because of their small affinity.  This additional drag may 
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slow the gliding, causing speed fluctuations and inhibiting movements perpendicular to 






In this thesis, I studied the gliding motility of Mycoplasma focusing on the SO 
structures and showed the roles of SO in the gliding motility.  The gliding mechanism 
has been proposed from previous data (27).  Gli349 binds tightly to SO on solid 
surface.  The force applied to the leg from front triggers a conformational change in 
the short arms of the leg, causing the stroke, using the energy from ATP.  Cell 
movements occurring as a results of other legs pull the units forward and back to the 
initial conformation of the short arms.  Continuous pull in the forward direction 
removes Gli349 from SO.  Then, the detached Gli349 rebinds to SO at the proper 
position.  Here, I can discuss this model more vividly focusing on the interaction 
between Gli349 and SOs (Fig. C1).  In the "catch" step, Gli349 recognizes SO in "lock 
and key" manner and the binding of Gli349 and single SO increases the affinity of 
neighboring Gli349.  In the "stroke" step, Gli349 pulls SO in collaboration with other 
Gli349 molecules.  In the "return" step, some Gli349 binds SOs which cannot 
contribute to the gliding motility resulting in the generation of additional drag force.  
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